The metabolism of Clostridium butyricum was manipulated at pH 6.5 and in phosphate-limited chemostat culture by changing the overall degree of reduction of the substrate using mixtures of glucose and glycerol. Cultures grown on glucose alone produced only acids (acetate, butyrate, and lactate) and a high level of hydrogen. In contrast, when glycerol was metabolized, 1,3-propanediol became the major product, the specific rate of acid formation decreased, and a low level of hydrogen was observed. Glycerol consumption was associated with the induction of (i) a glycerol dehydrogenase and a dihydroxyacetone kinase feeding glycerol into the central metabolism and (ii) an oxygen-sensitive glycerol dehydratase and an NAD-dependent 1,3-propanediol dehydrogenase involved in propanediol formation. The redirection of the electron flow from hydrogen to NADH formation was associated with a sharp decrease in the in vitro hydrogenase activity and the acetyl coenzyme A (CoA)/free CoA ratio that allows the NADH-ferredoxin oxidoreductase bidirectional enzyme to operate so as to reduce NAD in this culture. The decrease in acetate and butyrate formation was not explained by changes in the concentration of phosphotransacylases and acetate and butyrate kinases but by changes in in vivo substrate concentrations, as reflected by the sharp decrease in the acetyl-CoA/free CoA and butyryl-CoA/free CoA ratios and the sharp increase in the ATP/ADP ratio in the culture grown with glucose and glycerol compared with that in the culture grown with glucose alone. As previously reported for Clostridium acetobutylicum (L. Girbal, I. Vasconcelos, and P. Soucaille, J. Bacteriol. 176:6146-6147, 1994), the transmembrane pH of C. butyricum is inverted (more acidic inside) when the in vivo activity of hydrogenase is decreased (cultures grown on glucose-glycerol mixture). For both cultures, the stoichiometry of the H ؉ ATPase was shown to remain constant and equal to 3 protons exported per molecule of ATP consumed.
By-products of the food industry have great potential for the production of intermediates for the chemical industry; however, until now only a few applications have been found. Glycerol, a by-product with three atoms of carbon, can easily enter the metabolic pathways of several microorganisms to produce a wide range of compounds.
Bioconversion of glycerol to 1,3-propanediol is already known for several bacterial strains, e.g., Lactobacillus brevis and Lactobacillus buchnerii (44, 46) , Bacillus welchii (23) , Citrobacter freundii and Klebsiella pneumoniae (32, 40, 47) , Clostridium acetobutylicum (14) , Clostridium pasteurianum (35) , and Clostridium butyricum (3, 21, 43) . Anaerobic metabolic pathways of glycerol catabolism have, until now, only been completely characterized in the genera Klebsiella (11, 12, 13, 36) and Citrobacter (7, 8, 9, 45) . According to the experiments done in these microorganisms, glycerol is metabolized in two simultaneous pathways. In the first, an NAD ϩ -dependent glycerol dehydrogenase catalyzes the oxidation of glycerol to dihydroxyacetone (DHA), which is then phosphorylated to dihydroxyacetone phosphate (DHAP) via a DHA kinase. A triosephosphate isomerase catalyzes the transformation of DHAP to glyceraldehyde-3-phosphate, which enters the glycolytic pathway. According to several authors (31, 41) , the glycerol dehydrogenase of K. pneumoniae is inactivated by oxygen, explaining why, under aerobic conditions, another glycerol catabolic pathway is used. In parallel, a second pathway involving a coenzyme B 12 -dependent glycerol dehydratase catalyzes the transformation of glycerol to 3-hydroxypropionaldehyde, which is reduced to 1,3-propanediol via an NAD ϩ -dependent 1,3-propanediol dehydrogenase. This second metabolic pathway maintains the redox balance of the cell and is necessary while the microorganism is using glycerol as a carbon and energy source.
Although C. butyricum VPI 3266 is probably the best producer of 1,3-propanediol (42) , no physiological investigation has been carried out regarding the conversion of glycerol to this diol. In this report, we studied the metabolic flexibility of C. butyricum in response to an increase in NAD(P)H pressure resulting from the use of glycerol. In order to explain the drastic change in energetics and the shift in fermentative metabolism resulting from glycerol cometabolism, the concentrations of enzymes involved in carbon and electron flow, the nucleotide pools, and several physiological parameters were quantified.
MATERIALS AND METHODS
Organism and growth conditions. The organism used was C. butyricum strain VPI 3266 (Virginia Polytechnic Institute, Blacksburg, Va.) maintained on glycerol synthetic medium (43) . The feed medium for continuous culture was phosphate limited and contained (per liter of distilled water) a carbon source, either glucose (1,100 mM C) or a mixture of glucose (110 mM C) and glycerol (990 mM C); KH 2 , and the temperature was controlled at 35°C. The experiments were carried out in a 0.4-liter bioreactor with a constant volume of 0.3 liter. Details of the chemostat culture conditions can be found in the report of Vasconcelos et al. (51) .
Analysis. Biomass concentration was determined by a cell dry weight method. The fermentation products were quantified by high-pressure liquid chromatography (HPLC). The fermentor gas effluent was measured by a gas flow meter and periodically analyzed by gas chromatography. All the operating conditions of separation were adopted from Vasconcelos et al. (51) . Protein concentration was determined by the method of Bradford (5) to prevent interference by thiol reagents.
Preparation of cell extracts. Extracts were prepared anaerobically by the procedure of Vasconcelos et al. (51) except for glycerol dehydrogenase, glycerol-3-phosphate (G3P) dehydrogenase, and glycerol dehydratase assays. Sixty-milliliter samples were taken from steady-state chemostat cultures (between each sampling, a four-residence-time period was allowed) and centrifuged immediately at 9,000 ϫ g for 5 min at 4°C. The cell pellets were resuspended and washed anaerobically in cell lysis buffer containing either 100 mM potassium bicarbonate (pH 9.0) with 2 mM dithiotreithol (DTT) for glycerol and G3P dehydrogenase or 100 mM potassium phosphate (pH 8.0) with 2 mM DTT for glycerol dehydratase. Cell suspensions were sonicated in an ultrasonic desintegrator (Vibracell 72434; Bioblock, Illkirch, France) at 4°C for four cycles of 30 s with 2-min cooling intervals. Pyrex tubes (6 ml) with a conic bottom were used, since they improved the sonication efficiency. Cell debris was removed by centrifugation at 13,000 ϫ g for 10 min. For glycerol and G3P dehydrogenase and glycerol dehydratase assays, low-molecular-weight compounds were removed by passage through a Sephadex G25 (Pharmacia LKB Biotechnology, Uppsala, Sweden) column equilibrated with the cell lysis buffer used for extract preparations.
Enzyme assays. All enzyme assays were done in duplicate on two different culture samples (n ϭ 4). Unless otherwise indicated, all enzyme activities were determined in their physiological direction, under strictly anaerobic conditions, at 30°C. The following assays were adopted from Vasconcelos et al. (51) : hydrogenase in both the hydrogen uptake and hydrogen evolution directions; ferredoxin NAD(P) reductase; NAD(P)H ferredoxin reductase; phosphotransacetylase and phosphotransbutyrylase; acetate and butyrate kinases (in the nonphysiological direction); pyruvate-ferredoxin oxidoreductase; and glyceraldehyde-3-phosphate dehydrogenase.
Glycerol and G3P dehydrogenase were measured spectrophotometrically by following the glycerol or glycerol-3-phosphate-dependent formation of NADH at 340 nm, by a method adapted from Johnson et al. (25) . The assay mixture contained 0.6 mM NAD, 30 mM ammonium sulfate, 100 mM potassium bicarbonate (pH 9.0), and 100 mM glycerol or G3P. DHA kinase activity was followed in a coupled system in which NADHdependent reduction of the reaction product (DHA phosphate) to G3P was measured in a modified assay based on that described by Johnson et al. (24) . The assay mixture contained 10 mM DHA, 6 mM ATP, 2 mM MnCl 2 , 1 mM NADH, 1 U of G3P dehydrogenase from rabbit muscle, and 100 mM potassium bicarbonate buffer (pH 9.0) containing 2 mM DTT. Glycerol kinase was measured in the NAD reduction direction.
1,3-Propanediol dehydrogenase activity was measured in the oxidative direction as described by Heyndricks et al. (21) . At 340 nm, reduction of NAD was followed in an assay mixture containing 2 mM NAD, 30 mM (NH 4 ) 2 SO 4 , 100 mM 1,3-propanediol, and 100 mM potassium bicarbonate (pH 9.0) with 2 mM DTT.
Glycerol dehydratase activity was determined by the 3-methyl-2-benzothiazolinone hydrazone (MBTH) method of Toraya et al. (50) based on the ability of aldehydes to react with MBTH and form the azine derivatives, whose concentration can be determined spectrophotometrically. The assay mixture contained 0.2 mM glycerol, 0.05 mM KCl, 100 mM potassium phosphate buffer (pH 8.0), and, when added, 15 M coenzyme B 12 . The reaction was done at 37°C, and samples were taken 0, 1, 2, and 5 min after addition of glycerol. The enzyme reactions were terminated by adding 1 ml of 100 mM potassium citrate buffer (pH 3.6) and 0.5 ml of 0.1% MBTH hydrochloride. After 15 min at 37°C, 1 ml of water was added, and the amount of 3-hydroxypropionaldehyde (3HPA) formed was determined from the absorbance at 305 nm relative to a standard curve.
Determination of nucleotide pools. Intracellular concentrations of ATP, ADP, NAD(P) ϩ , and NAD(P)H were determined after extraction of a culture broth sample and fluorimetric enzyme assays as reported by Vasconcelos et al. (51) .
Determination of free CoA, acetyl-CoA, and butyryl-CoA pools. Intracellular concentrations of free CoA, acetyl-CoA, and butyryl-CoA were determined by HPLC as described by Boyton et al. (4) after extraction by the method of Takamura and Nomura (48) .
Determination of inorganic phosphate pool. The extraction method used was adapted from Lipman and Tuttle (33) . This method avoids the measurement of labile phosphate compounds (such as acetylphosphate and butyrylphosphate) as inorganic phosphate. Samples (1.5 ml) were taken from steady-state chemostat cultures, immediately transferred into a cooled (to Ϫ20°C) Eppendorf tube, and centrifuged at 4°C for 1 min at 14,000 ϫ g. The pellet was washed with ice-cold MilliQ water (1.5 ml) and centrifuged again at 4°C for 1 min at 14,000 ϫ g. Ice-cold 5% trichloroacetic acid (0.5 ml) was added to the pellet, and the suspension was vortexed and centrifuged at 4°C for 1 min at 14,000 ϫ g. The acidic extract was then transferred to a chilled test tube containing a drop of thymol blue, and ice-cold neutralization solution (1 ml of concentrated ammonia, 0.4 ml of glacial acetic acid, 7.6 ml of water, and 1 ml of 0.4 M Na 2 CO 3 ) was added quickly until a pH of 8 was reached. Alcoholic calcium chloride solution (2.5 ml; 3.3% CaCl 2 in 33% ethanol) was added dropwise to the neutralized extract, and the calcium precipitate was recovered by centrifugation for 2 min at 14,000 ϫ g. The precipitate was washed with 2 ml of alcoholic calcium chloride solution and dissolved in 0.5 ml of 0.5 N HCl. The phosphate content of the extract was then determined by the method of Ames and Dubin (1) .
Determination of ⌬pH and ⌬⌿. ) by the silicone oil technique as described above except that the sample and radioactive probe were incubated for 12 min instead of 5 min. Binding of TPP ϩ was reported to be dependent on at least its external and internal concentrations (49). Controls using Chemicals. Enzymes and coenzymes were purchased from Sigma Chemical Company (St. Louis, Mo.). All gases used (carbon monoxide, hydrogen, argon, and a mixture of nitrogen, carbon dioxide, and hydrogen) were of the highest purity available. All other chemicals were of analytical grade.
RESULTS
Metabolism and energetics of C. butyricum VPI 3266 on glucose and glucose-glycerol at pH 6.5. As glycerol is chemically more reduced than glucose and hence generates more NAD(P)H during its catabolism (Fig. 1) , it is possible to vary the flow of reductant to the pyridine nucleotide pool by using glucose-glycerol mixtures in the feed medium. The specific rates of substrate consumption and product formation for a constant total amount of carbon (1,100 mM) are shown in Table 1 . The glucose-grown culture was acidogenic. The main products were butyrate, acetate, and lactate. Part of the NADH produced during the glycolytic pathway was reoxidized by the NADH-ferredoxin reductase (q NAD(P)H from Fd Ͻ 0) to yield reduced ferredoxin, which in turn was reoxidized by the hydrogenase to produce H 2 . When glycerol was metabolized, 1,3-propanediol became the major product. The specific rate of acid formation decreased, acetate and lactate being the most FIG. 1. Metabolic pathway of C. butyricum. 1, Hydrogenase; 2, ferredoxin-NAD(P) ϩ reductase; 3, NAD(P)H-ferredoxin reductase; 4, glycerol dehydrogenase; 5, DHA kinase; 6, 1,3-propanediol dehydrogenase; 7, glycerol dehydratase; 8, phosphotransacetylase; 9, acetate kinase; 10, phosphotransbutyrylase; 11, butyrate kinase; 12, pyruvate-ferredoxin oxidoreductase; 13, glyceraldehyde-3-phosphate dehydrogenase.
affected. The NADH produced in the glycolytic pathway was not sufficient for the formation of butyrate and 1,3-propanediol, and part of the reduced ferredoxin produced by the pyruvate ferredoxin oxidoreductase was reoxidized by the ferredoxin-NAD(P) reductase(s) to produce NAD(P)H (q NAD(P)H from Fd Ͼ 0). H 2 production was thereby significantly decreased, and the CO 2 /H 2 molar ratio was much higher than 1.
Enzymatic activities. In order to explain these observations, an enzymatic analysis of key metabolic activities was undertaken for both glucose and glucose-glycerol chemostat cultures of C. butyricum.
(i) Enzymes responsible for glycerol metabolism. The enzymatic activities involved in glycerol assimilation were determined for both cultures ( Table 2 ). The glycerol dehydrogenase and DHA kinase activities were 11-and 10-fold higher, respectively, than in the glucose-glycerol-fed culture. 1,3-Propanediol dehydrogenase was 280-fold higher for this culture. The glycerol dehydratase activity was 100-fold higher in the glucoseglycerol-fed culture. Surprisingly, the activity was not stimulated by addition of coenzyme B 12 (although the cell extract was treated by G25 gel filtration) and was very sensitive to oxygen.
No G3P dehydrogenase or glycerol kinase activity was found in either culture, indicating that only one pathway of glycerol assimilation exists under these growth conditions. The apparent K m values of the glycerol dehydrogenase, glycerol dehydratase, and 1,3-propanediol dehydrogenase were measured on G25-treated crude extract from glucose-glycerol-grown cells. Glycerol dehydrogenase had an apparent K m of 23 mM for glycerol and 1.2 mM for NAD ϩ . Glycerol dehydratase had an apparent K m of 2.5 mM for glycerol. 1,3-Propanediol dehydrogenase had an apparent K m of 0.4 mM for 3HPA and 0.06 mM for NADH in the physiological direction, while in the reverse direction the K m was 3.3 mM for 1,3-propanediol and 0.17 mM for NAD ϩ . (ii) Enzyme associated with acid formation. The in vitro activities of acetate kinase (in the nonphysiological direction) and phosphotransacetylase were the same in both cultures and therefore cannot explain the lower acetate production in the glucose-glycerol culture.
The phosphotransbutyrylase and the butyrate kinase activities were 40 and 15% higher, respectively (Table 2) , in the glucose-glycerol-fed culture, which also does not explain the lower butyrate production of the culture.
(iii) Hydrogenase and coupling enzymes. The in vitro hydrogenase activity measured by hydrogen uptake was twofold lower for the culture on glucose-glycerol, while the activity for the opposing direction (H 2 production) decreased by a factor of 5 ( Table 2 ). The NADH-ferredoxin reductase and the ferredoxin-NAD reductase were both increased by a factor of 7 when glycerol was metabolized. On the other hand, the in vitro activities of the ferredoxin-NADP reductase and the NADPHferredoxin reductase were similar in both cultures.
(iv) Other enzyme activities. The pyruvate-ferredoxin oxidoreductase activity was similar in both cultures (Table 2) , while glyceraldehyde-3-phosphate dehydrogenase presented a fivefold-higher activity for the culture grown on glucose-glycerol.
Intracellular nucleotide, P i , CoA, acetyl-CoA, and butyrylCoA pools. The intracellular concentrations of various metabolites for glucose and glucose-glycerol cultures are presented in Table 3 . A twofold increase in NADH was observed for the mixed-substrate culture, while the NAD ϩ pool was not affected. Although the ATP ϩ ADP pool remained almost constant, a 2.5-fold increase in ATP corresponding to a 5.3-fold increase in the ATP/ADP ratio occurred for the glucose-glycerol culture. A similar 1.5-fold increase in the P i concentration was also observed for this culture. Regarding acetyl-CoA, butyryl-CoA, and free CoA, a 5.2-fold decrease in the acetylCoA/CoA ratio and 2.2-fold decrease in the butyryl-CoA/CoA ratio were obtained for the glucose-glycerol culture compared to the glucose culture.
PMF. ⌬pH and ⌬⌿, the two components of the proton motive force (PMF), were measured for both continuous cultures of C. butyricum VPI 3266 (Table 4 ). An inversion of the ⌬pH (more acidic inside) was observed when a glucose-glycerol mixture was used as the carbon and energy source, but this was more than compensated for by the more negative ⌬⌿, and a 25 mV decrease in the PMF was recorded for this culture compared to the glucose-grown continuous culture. The phosphorylation potential and the stoichiometry of the ATPase were evaluated. For both cultures, the stoichiometry of the ATPase was close to 3 protons exported for 1 molecule of ATP used (Table 4) .
DISCUSSION
The growth of C. butyricum at pH 6.5 on glucose-glycerol mixtures induced the formation of 1,3-propanediol and decreased the production of butyrate, acetate, lactate, and hydrogen, although ethanol production remained constant. This unusual fermentation pattern has already been described for other Clostridium species (14, 21) . Glycerol is a more reduced substrate than glucose; for the same amount of carbon, glycerol generates twice as much NADH as glucose. The reducing equivalent excess provided by the conversion of glycerol to pyruvate must be oxidized through the NADH uptake pathways. Surprisingly, this was not accomplished by stimulating H 2 production. On the contrary, most of the reduced ferredoxin produced by the pyruvate ferredoxin oxidoreductase was used to generate NADH [q NAD(P)H from Fd Ͼ 0], leading to low hydrogen production. Similar results were obtained with C. acetobutylicum grown on glucose-glycerol mixtures (51) and were associated with decreased activity of the in vitro NADHferredoxin reductase and an increase in the activity of the in vitro ferredoxin NAD-reductase, while in vitro hydrogenase activity was slightly increased (19) . The present study shows that the results are completely different for C. butyricum, since the ratio of the in vitro NADH-ferredoxin reductase activity to the in vitro ferredoxin-NAD reductase activity remained unchanged and was equal to 10 for both cultures, and the in vitro hydrogenase activity decreased sharply for the glucose-glycerol culture. These data suggest that only one NADH-ferredoxin oxidoreductase was present in this microorganism. In view of the estimated flux through this enzyme under the two conditions studied here, this enzyme appeared to be bidirectional and to catalyze both production and oxidation of NADH, as in C. tyrobutyricum and C. pasteurianum (39) . In vitro experiments have shown that the activity of this enzyme is regulated by the acetyl-CoA/CoA ratio in Clostridium species; at a high ratio, the enzyme reduced ferredoxin using NADH as an electron donor, while at a low ratio, reduced ferredoxin is used to 
reduce NAD
ϩ (27) . The in vitro hydrogenase activity in the direction for hydrogen production was decreased fivefold in the glucose-glycerol culture. This decrease probably (reduced ferredoxin concentration was not experimentally accessible) led to an increased concentration of reduced ferredoxin. A higher concentration of reduced ferredoxin associated with the low measured acetyl-CoA/CoA ratio explains why the NADH ferredoxin oxidoreductase is functioning to reduce NAD ϩ in the glucose-glycerol culture. As both glycerol catabolism and NADH-ferredoxin oxidoreductase lead to NADH formation, NAD regeneration must proceed through the pathways of 1,3-propanediol and butyrate formation. The production of 1,3-propanediol was associated with the induction of a glycerol dehydratase and an NADH-dependent 1,3-propanediol dehydrogenase. The glycerol dehydratase activity of a G25-treated cell extract is not stimulated by coenzyme B 12 and is very oxygen sensitive. Similar results have been shown for the diol dehydratase of Clostridium glycolycum, a B 12 -independent radical enzyme (20) . More biochemical data will be needed to clearly demonstrate that the C. butyricum glycerol dehydratase is of the same type. The apparent K m of this enzyme for glycerol was 2.5 mM, a value higher than that observed for the B 12 -dependent enzyme from K. pneumoniae (0.73 mM) (12) . The 1,3-propanediol dehydrogenase exhibited Michaelis-Menten kinetics, with an apparent K m of 0.4 mM for 3HPA and 0.06 mM for NADH in the physiological direction and 3.3 mM for 1,3-propanediol and 0.17 mM for NAD ϩ in the reverse direction. These latter values are lower than those obtained for the enzyme of K. pneumoniae (18 mM for 1,3-propanediol and 0.31 mM for NAD ϩ ) (26). Lin (30) showed that only two chemical modes exist by which glycerol is dissimilated in K. pneumoniae. In the first pathway, glycerol utilization is initiated by phosphorylation followed by oxidation of G3P to DHAP by an aerobic or anaerobic G3P dehydrogenase. This metabolic system closely resembles the glp regulon of Escherichia coli K-12. The alternative pathway involves an NAD ϩ -dependent glycerol dehydrogenase that converts glycerol into DHA, which is then phosphorylated to DHAP by DHA kinase. In this study it has been demonstrated that only the glycerol dehydrogenase and the DHA kinase activities were present, indicating that C. butyricum VPI 3266 uses this second pathway to dissimilate glycerol. The glucoseglycerol cultures showed 10-fold-higher activities for these two enzymes, indicating better expression of the corresponding genes. Glycerol dehydrogenase measured in the presence of 15 mM (NH 4 ) 2 SO 4 has an apparent K m of 23 mM for glycerol and 1.18 mM for NAD ϩ . It has been reported that the K m for glycerol of the Klebsiella oxytoca enzyme is affected by monovalent cations (22) , but the value obtained for the same NH 4 ϩ concentration is comparable.
In the present chemostat cultures, metabolic fluxes leading to the production of organic acids were not regulated at the genetic level, since in vitro enzyme activities did not correlate with the corresponding specific production rates. The drastic 5.3-fold decrease in the specific production rate of acetate in the glucose-glycerol culture corresponds to the same in vitro activity of phosphotransacetylase and acetate kinase. The reactions catalyzed by these two enzymes are reversible, and the sharp decrease in the acetyl-CoA/CoA and increase in the ATP/ADP ratios in the glucose-glycerol culture show that acetate production is regulated at the enzyme level by substrate concentrations. This explanation is in agreement with that reported for C. kluyveri (10) , in which increased flux through the glycolytic pathway resulted in an increase in the concentration of acetyl-CoA, with a concomitant increased rate of acetate production.
Similarly, the 1.5-fold decrease in the specific rate of butyrate production was associated with an increase in the phosphotransbutyrylase and butyrate kinase activities. As the butyryl-CoA/CoA ratio is also lower in the glucose-glycerol culture, the explanation given for the acetate pathway also applies here. These data are different from those observed in C. acetobutylicum, in which the highest activities of phosphotransacetylase, phosphotransbutyrylase, acetate kinase, and butyrate kinase were found in acid-producing cells compared to alcohol-producing ones (2) .
One question that remains unsolved is the nature of the signal for induction of the 1,3-propanediol formation pathway. Meyer and Papoutsakis (37) reported several relationships between ATP and NADH concentrations and solvent production in different continuous cultures of C. acetobutylicum. An acidogenic metabolism is associated with low ATP and NADH concentrations, whereas high concentrations of both were reported in different solventogenic cultures. On the glucoseglycerol mixture, induction of the 1,3-propanediol pathway in C. butyricum and the induction of alcohol production in C. acetobutylicum (15, 16, 17) were both associated with higher ATP and NADH concentrations.
It is noteworth that the ⌬pH of the glucose-glycerol culture was inverted (more acidic inside). Similar results have been obtained for C. acetobutylicum during growth on a glucoseglycerol mixture (18) and shown to be linked to a low in vivo activity of the hydrogenase, an enzyme that participates in alkalization of the cytoplasm. As the specific rate of H 2 formation was decreased 28-fold in the glucose-glycerol culture, a similar explanation might apply for C. butyricum.
The increase in the chemical component of the PMF is more than compensated for by a decrease in the electrical component, resulting in a 25-mV lower PMF in the glucose-glycerol culture. This lower PMF value corresponds, in agreement with the chemiosmotic principle (38) , to a more negative value of the phosphorylation potential ⌬G p Ј. The stoichiometry of the ATPase was calculated to be close to 3 protons exported for 1 molecule of ATP consumed for both culture conditions. Similar values were obtained for E. coli grown under anaerobic conditions (28) .
C. butyricum is probably the best producer of 1,3-propanediol. However, the competition, at the level of NADH consumption, between the butyrate and the 1,3-propanediol pathways reduces the yield of glycerol conversion to 1,3-propanediol. If the butyrate pathway could be deleted, the glycolytic pathway would then be used only for acetate, ATP, and reducing equivalent production, the 1,3-propanediol pathway being the only path for the regeneration of NAD ϩ . To develop a better strain for the conversion of glycerol to 1,3-propanediol, we are currently working on cloning the phosphotransbutyrylase and butyrate kinase genes, which have been shown to be associated in an operon in C. acetobutylicum (6, 52) , which we will later use to delete the butyrate pathway.
